We report the first experimental demonstration of amplitude equalization of 40 Gb/s RZ-DPSK signals using saturation of FWM in a HNLF. We show effective power penalty reduction after wavelength conversion of an amplitude distorted signal.
Introduction
Return-to-zero differential phase shift-keying (RZ-DPSK) has been recently suggested as a promising way to achieve higher system capacity and extended system reach due to its various advantages compared with conventional on -off keying (OOK), for instance larger dispersion tolerance, better resilience to fiber nonlinearity, and higher spectral efficiency [1] . Amplitude fluctuations of RZ-DPSK signals induced by amplified spontaneous emission noise and the interaction between optical fiber nonlinearity and dispersion (such as e.g. intra-channel four wave mixing) might however degrade the quality of the received signal. Those amplitude fluctuations will moreover be converted into nonlinear phase noise that has been shown to be a major source of impairment for DPSK systems [1] . Consequently, alloptical amplitude regeneration of RZ-DPSK signals will be needed to achieve improved signal quality in ultra long-haul transmission systems. An extra requirement compared to conventional OOK regeneration methods is that the process involved should not affect the phase of the signal, or could even provide phase regeneration [2] . So far, only a few regenerative mechanisms suitable for RZ-DPSK signals have been proposed [2] [3] and demonstrated [4] [5] . Optical amplitude equalization using four-wave mixing (FWM) in an optical fiber has been reported for OOK signals [6] . FWM is a phase and intensity modulation preserving process that has already been used for wavelength conversion of DPSK signals [7] , and whose amplitude regeneration capabilities for RZ-DPSK signals have been numerically investigated [8] , but not demonstrated yet. In this paper, we present the first experimental demonstration of amplitude equalization of 40 Gb/s RZ-DPSK signals using saturation of FWM in a highly nonlinear fiber (HNLF).
Experimental setup
The equalization scheme relies on saturation of FWM between the degraded RZ-DPSK signal and an RZ pulse train with identical duty cycle. A schematic of the setup used in this experiment is shown in Fig. 1 .
In our demonstration, we generate two identical RZ pulse trains by simultaneously modulating two continuous wave (CW) lasers at the pump and signal wavelengths in a single Mach-Zehnder modulator (MZM) biased at a peak of its transfer function and driven with a 20 GHz clock signal. The two 40 GHz pulse trains with 33% duty cycle are then demultiplexed in an arrayed waveguide grating (AWG). The pulse train at the signal wavelength is phase modulated in the second MZM driven with a 40 Gb/s 2 31 -1 pseudo-random bit sequence (PRBS), resulting in a 40 Gb/s RZ-DPSK signal. To intentionally introduce amplitude distortion to the RZ-DPSK signal, a third MZM driven with a 2.5 GHz clock signal is used in this experiment. The demultiplexed pulse train at the pump wavelength is then synchronized, amplified and combined with the amplified distorted RZ-DPSK signal before entering the HNLF. The polarization states of both signal and pump are optimized in order to ensure the best signal amplitude equalization. At the input of the HNLF, the signal and pump powers are 19 dBm and 22 dBm, respectively. At the HNLF output, the amplitude equalized FWM product is selected with an optical bandpass filter (OBPF). The signal is then detected in a single-ended pre-amplified receiver consisting of an erbium-doped fiber amplifier (EDFA), a tunable optical bandpass filter with a 3 dB bandwidth of 0.9 nm, a 1 bit delay interferometer for demodulation, and a 45 GHz photodiode. The fiber used in this experiment is a 500 m long HNLF. The nonlinear coefficient of the fiber is γ= 10. Fig. 3 for a MZM bias of 6.4 V. For comparison, the BER curve obtained after wavelength conversion of an RZ-DPSK signal wit hout amplitude distortion is also presented in the figure. Waveforms of the distorted and equalized signals are also shown as insets in Fig. 3 . Amplitude distortion induces a power penalty (at a BER of 10 -9 ) of 2.5 dB on the RZ-DPSK signal. This penalty is reduced to 1 dB after equalization (comparing the equalized signal to the wavelength converted RZ-DPSK signal without amplitude distortion). This penalty is attributed to the residual amplitude distortion observed in the equalized signal. To further assess the amplitude equalization, the bias voltage of the third MZM is changed from 6 to 8.5 V to achieve decreasing modulation indices for the distortion of the RZ-DPSK signal. The receiver sensitivities for the distorted and equalized signals are shown in Fig. 4 . It can be seen that, within the limited accuracy of the BER measurements, the receiver sensitivity of the distorted signal is limited by the back-to-back sensitivity of -28 dBm, while the sensitivity of the equalized signal is limited by that of the wavelength converted RZ-DPSK signal equal to -25 dBm. The inset shows the spectrum measured at the HNLF output, where the pump, distorted signal (MZM bias equal to 6.4 V), amplitude equalized signal, and other FWM products can be clearly seen.
Conclusion
Using a 500 m long HNLF, we have experimentally investigated amplitude equalization of 40 Gb/s RZ-DPSK signals using saturation of FWM. We have demonstrated that amplitude distortion can be efficiently suppressed and that the penalty between a distorted and undistorted RZ-DPSK signal can be reduced after wavelength conversion owing to the pump-saturation induced regenerative nature of the wavelength conversion process. References 1 A. H. Gnauck and P.J. Winzer, J. Lightwave Technol., 23 (2005 ) 115-30. 2 K. Croussore et al., Opt. Lett., 29 (2004 ) 2357 -9. 3 A. G. Striegler et al., IEEE Photon. Technol. Lett., 17 (2005 ) 639-41. 4 K. Croussore et al., Opt. Expr., 13 (2005 3945-50. 5 P. S. Devgan et al., OFC'05, PDP34. 6 K. Inoue, Electron. Lett., 36 (2000 ) 1016 -7. 7 Y. Geng et al., ECOC'05, Tu3.3.4. 8 M. Matsumoto, IEEE Photon. Technol. Lett., 17 (2005 1055-7. 
